Objective: To identify Solute Carrier family 4 (sodium borate cotransporter) member 11 (SLC4A11) gene mutations associated with autosomal recessive congenital hereditary endothelial dystrophy (CHED2).
C
ONGENITAL HEREDITARY endothelial dystrophy (CHED) is a rare inheritable disorder of the corneal endothelium characterized clinically by a bilateral, symmetrical, noninflammatory corneal clouding (edema) without other anterior segment abnormalities, usually evident at birth or in the early years of life. It is due to a malfunction and degeneration of the corneal endothelium and the posterior nonbanded part of the Descemet membrane (DM), which results in a diffuse ground glass-like corneal edema especially of the corneal stroma, which is 2 to 3 times the normal thickness. 1, 2 Autosomal dominant (CHED1) (OMIM %121700) and autosomal recessive (CHED2) (OMIM 217700) modes of inheritance have been described for CHED. The high incidence of CHED2 in southern India is probably related to the prevalence of consanguineous marriages and marriages within a distinctive caste or community. Clinically, both forms of the disorder are similar; the distinction between them is made by the age at onset and the presence or absence of associated symptoms. The autosomal recessive type (CHED2) is more severe, is present at birth, and is relatively stationary, with the only symptoms being defective vision with nystagmus and, at times, an associated hearing deficiency (Harboyan syndrome) 3, 4 ; penetrating keratoplasty is required to restore the vision of these patients. 5 The dominantly inherited form (CHED1) is of later onset 3 (first or second year of life), is progressive, and is associated with not only defective vision but also troublesome tearing and photophobia.
The loci for CHED1 and CHED2 have been mapped to 20p11.2-q11.2 6 and 20p13, 7 respectively. We identified the candidate gene for CHED2 as Solute Carrier family 4 (sodium borate cotransporter) member 11 (SLC4A11).
(BTR1) of 891 amino acids; BTR1 contains 14 transmembrane domains and intracellular amino and carboxyl terminals and also multiple intracellular phosphorylation sites and 2 extracellular N-glycosylation sites. 11 The BTR1 was recently characterized as a sodium borate cotransporter (NaBC1) essential for cell growth and proliferation by increasing intracellular borate and activating the mitogenactivated protein kinase pathway. 12 Vithana et al 8 demonstrated that owing to SLC4A11 mutations, the mutant BTR1 fails to reach the cell surface to perform its function, and they speculated that some of the morphologic features observed in CHED are achieved through a deregulated mitogen-activated protein kinase pathway. Other reports [13] [14] [15] [16] [17] have also revealed the role of SLC4A11 in causing CHED2. An association of SLC4A11 with Harboyan syndrome (CHED2 with hearing loss) has also been reported. 18 To improve our understanding of the involvement of SLC4A11 in the pathogenesis and expressivity of CHED2 and to potentially refine the correlation of genotypephenotype, we studied 20 Indian families with CHED2.
METHODS

CLINICAL EVALUATION OF CHED AND EXCLUSION CRITERIA
The patients and their families analyzed in this study underwent detailed ophthalmic evaluations, including slitlamp biomicroscopy, indirect ophthalmoscopy, and corneal pachymetry, by pediatric ophthalmologists and corneal specialists at the Cornea & External Disease Service of Aravind Eye Hospital. A clinical diagnosis of CHED was made, and other dystrophies, such as congenital hereditary stromal dystrophy, posterior polymorphous corneal dystrophy, and congenital glaucoma, were specifically excluded as follows. The CHED is characterized by bilaterally symmetrical noninflammatory corneal edema seen as diffuse ground glass-like blue-gray corneal opacification (cloudiness) present from birth in an otherwise healthy term newborn with an otherwise healthy eye. The DM is uniformly thickened with a gray peau d'orange texture. The corneal stroma is 2 to 3 times the normal thickness, resulting in gross corneal thickening. However, there is only fine epithelial edema and no bullae (hence, no tearing or photophobia). The horizontal corneal diameter is normal. The anterior and posterior segments are otherwise normal. The patients have diminution of vision and sensory (rotatory) nystagmus with or without esotropia. In addition, patients with congenital glaucoma have tearing, photophobia, inflammation, elevated intraocular pressure with glaucomatous optic nerve damage, and a progressive corneal enlargement with breaks in the DM (Haab striae). Congenital hereditary stromal dystrophy is characterized by bilateral, symmetrical, nonprogressive flaky or feathery clouding of the superficial central corneal stroma that causes decreased vision and nystagmus. The differentiating features from CHED are normal corneal thickness, a normal endothelium with the absence of epithelial edema, and a clinically thickened DM. Posterior polymorphous corneal dystrophy is an asymptomatic, slowly progressive, bilateral endothelial dystrophy, usually with no visual loss. Slitlamp biomicroscopy shows vesicular, curvilinear, or placoid irregularities, with a gray halo at the level of the DM. There is no stromal edema, unlike in CHED, but there are other associated anterior segment abnormalities, such as peripheral anterior synechiae (iridocorneal adhesions), glaucoma, and band keratopathy.
PARTICIPANTS
Blood samples were collected from 26 affected individuals in 20 families with CHED2 and their available unaffected family members. Control subjects, matched to probands by ethnic background, were recruited from the General Ophthalmology Department of Aravind Eye Hospital. Informed consent was obtained from all the study participants. Ethical approval for the study was obtained from the institutional review board of Aravind Eye Hospital, and the study was performed in accordance with the tenets of the Declaration of Helsinki.
MUTATION SCREENING
Genomic DNA was isolated from peripheral blood using the salt precipitation method. 19 For mutational analysis, all the coding exons of SLC4A11and their flanking splice junctions were amplified by means of polymerase chain reaction (PCR) using the primer reported elsewhere. 8 The PCR products were purified using a gel extraction kit (Amersham Biosciences, Piscataway, New Jersey), and bidirectional sequencing was performed using an ABI 3100 sequencer (Applied Biosystems, Foster City, California). A primer pair positioned near the exon/ intron boundaries of exon 6 could not amplify the expected PCR product in affected individuals in family 1. Suspicious of a large deletion, a new primer pair was designed farther away from exon 6 to amplify a 990-base pair (bp) product (F-5ЈCCAACCAACTTGGGAGAAGA3Ј and R-5ЈGCACCAG-GCTTTAACTCAGC3Ј).
SCREENING OF THE PROMOTER SEQUENCE
The families in which no mutation was identified in the exonic region were screened for SLC4A11 mutations in the putative promoter. Because the SLC4A11 promoter was uncharacterized, we predicted the promoter region using the Ensembl genome browser (http://www.ensembl.org/index.html) (ie, the region directly upstream of the 5ЈUTR of the transcript RefSeq [manually curated] complementary DNA, with GenBank NM_032034). Specific primers were designed to amplify the predicted promoter region, and the relevant PCR products were subjected to direct sequencing: P1F-5ЈGCCTTACTCAC-CCAATCTATGC3Ј, P1R-5ЈCCCTGTCTCCTCCTTTC-GAC3Ј, P2F-5ЈGGAGGAGGAGAAGGACTTGC3Ј, and P2R-5ЈGCACACTCGCGCACTCAC3Ј.
RESTRICTION FRAGMENT LENGTH POLYMORPHISM ANALYSIS
The PCR products were restriction digested using 2 U of enzymes: MspI for p.P773L (Bangalore Genei, Bangalore, India); SmuI for p.C386R; TauI for p.R158PfsX3, p.R755W, and p.L873P; PstI for p.Q836X; and PauI for p.A269V in a 10-µL setup and visualized on 2% agarose gel. All the enzymes (except MspI) were purchased from MBI Fermentas, Berlington, Ontario, Canada.
THE SIFT TOOL
To assess whether missense mutations were likely to have a phenotypic effect, we used the SIFT (Sorting Intolerant From Tolerant) tool (http://blocks.fhcrc.org/sift/SIFT.html). This tool produces a multiple sequence alignment of SLC4A members from different species to assess the degree of evolutionary conservation of positions where the missense mutations lie. Then, the SIFT tool assigns a score to the mutations (if the score is Ͻ0.05, the change is potentially damaging).
RESULTS
All index patients showed the typical CHED features described in the previous clinical evaluation section except that in families 2 and 8, the disease onset in the probands was at ages 3 and 5 years, respectively, and the probands of families 1 and 2 did not have nystagmus. None of the parents have CHED, proving an autosomal recessive inheritance. The clinical details of the probands with mutations are summarized in Table 1 .
The present analysis of SLC4A11 revealed potential changes in 11 of 20 probands screened. All the mutations cosegregated with the disease phenotype, and none were observed in 200 control chromosomes. Mutations were homozygous in the 9 consanguineous families (families 1-4, 6, 7, 13, 14, and 18) and in a nonconsanguineous family (family 8) (Figure 1) . The unaffected parents of all the probands were heterozygous for the identified mutations, genetically confirming autosomal recessive inheritance of the disease. In family 8, the parents were not cooperative with the study.
Agarose gel electrophoresis of exon 6 PCR products in individuals in family 1 revealed the expected 990-bp product and an additional 292-bp fragment for unaffected individuals II:2 and III:1 and only a 292-bp product for affected individuals IV:1 and IV:2. Sequencing of the 292-bp product eluted from the gel revealed a deletion of 698 nucleotides that encompassed exon 6 ( Figure 2 ). Owing to this 698-bp homozygous deletion in agarose gel, affected individuals showed only the 292-bp product, whereas the unaffected parents showed the wild-type 990-bp product and the 292-bp mutated product, clearly stating their heterozygous nature.
In family 2, the proband carried a CϾT transition at c.2318 that results in the substitution of p.Pro773Leu. In family 3, an Indel mutation (c.473_481delGCTTCGCCAinsC) was identified in exon 4. This mutation is predicted to truncate SLC4A11 protein with the introduction of 3 novel amino acid residues, beginning from position 158 (p.Arg158ProfsX3). In family 4, a missense mutation (p.Leu873Pro) was identified owing to the transition of T Ͼ C at c.2618. Missense mutations p.Arg125His (c.374GϾA), p.Ala160Thr (c.478GϾA), p.Cys386Arg (c.1156TϾC), and p.Arg755Trp (c.2263CϾT) were identified in families 13, 7, 8, and 18, respectively. p.Ala269Val (c.806CϾT) was found in families 6 and 14. In family 5, in which there was no consanguineous marriage, the proband proved to be a compound heterozygote for the change c.2318CϾT in exon 17 (leading to p.Pro773Leu) and a premature stop mutation and 5. In the 9 families in which no mutation was identified in the coding region, no significant changes in the promoter region of SLC4A11 were detected.
COMMENT
Screening of 20 families with CHED2 revealed 10 mutations. Of the mutations identified, 7 were missense, 1 was nonsense, and 2 led to frameshifts. The relative positions of the mutations identified in this study are shown in comparison with recently reported mutations in SLC4A11 ( Table 2) . This work extends considerably the number of SLC4A11 mutations shown to cause CHED2. The mutations observed in these cases consolidate the notion that CHED2 seems to arise from apparent null alleles or from alleles causing severe loss of function.
Of the 7 missense mutations identified, 4 had already been reported 13, 14, 16 and 3 were novel. Missense mutations 16 (69.23%). Conservation of the amino acid residues involved in the novel missense mutations is shown in Figure 4 . The novel missense mutation p.Ala269Val lies in an unconserved site, its SIFT score is less than 0.05 and its Blosum 80 score is −1, and it is absent in 200 control chromosomes, which suggests that this substitution could be a pathogenic mutation.
A schematic diagram of the topology of BTR1 with its predicted transmembrane spans is shown in Figure 2D . Residues Arg125, Ala160, and Ala269 are located in the N-terminal cytoplasmic domain. Residues Cys386 and Leu873 are situated in transmembrane domains 1 and 14, respectively, whereas Pro773 and Arg755 residues are present in transmembrane domain 11. Mutations in these 7 residues may disrupt the localization or proper assembly of this protein in the membrane.
Two deletion mutations identified are predicted to result in null alleles as a result of a frameshift. We report the first deletion of an entire exon in SLC4A11: in family 1, the deletion of exon 6 leads to p.Cys218LysfsX49. The deletion mutation c.473_481delGCTTCGCCAinsC leads to premature protein termination (R158PfsX3) in CHED2 family 3 (member IV:2). Both of these deletions were predicted to result in a protein that lacks all 14 transmembrane domains. The R158PfsX3 mutation seems to have presented with different phenotypes. Desir et al 18 reported this change in association with Harboyan syndrome (CHED2 with hearing loss), whereas the change resulted only in an isolated case of CHED2 in this study. Hearing loss was diagnosed at age 5 years in the study by Desir et al, whereas in the present study, the 12-year-old individual does not show any symptoms of hearing loss to date; it may occur later in life and deserves follow-up. 4 In both frameshift mutations (p.Cys218LysfsX49 and p.Arg158ProfsX3) and 1 nonsense mutation (p.Gln836Stop), the premature termination codons occur more than 50 nucleotides upstream of the final splice junction of SLC4A11, making these messenger RNAs potential targets for nonsense-mediated decay. 20 The compound heterozygosity observed in family 5 confirms the allele dose effect: 2 copies of p.Pro773Leu lead to disease in family 2 (member IV:1), and 1 copy of p.Pro773Leu combined with 1 copy of p.Gln836Stop results in the disease in family 5. Recently, compound heterozygosity in SLC4A11 has been reported as the cause of CHED2 in 2 white British families and 1 US family of Chinese ancestry. 13, 17 The earlier report 8 of the effect of CHED2 causing SLC4A11 mutations on BTR1 protein states that the mutant BTR1 proteins fail to modify into the mature size (120 kDa), could not reach the cell surface, and are consequently degraded. In the same way, the mutations identified in this study may lead to lack of the mutant proteins in the membrane and could cause the disease phenotype.
The 6 novel mutations reported herein, together with the previously reported mutations by other groups, 8, [13] [14] [15] [16] [17] bring the total number of reported SLC4A11 mutations associated with CHED2 to 52. Screening for SLC4A11 mutations is essential for identifying individuals at risk for transmitting the disease. The development of strategies that are noninvasive, rapid, and cost-effective will be useful for screening populations with a high incidence of this disease, especially in populations that practice consanguineous marriages. Counseling must take into account the merits and demerits of consanguineous marriages in an attempt to reduce the incidence of this disease.
Of the 20 families studied, we detected pathogenic mutations in only 11; the remaining 9 families did not show any changes in the coding region of SLC4A11. In addition, screening of the promoter region did not reveal any significant changes in these families. Jiao et al 14 also did not identify SLC4A11 changes in 4 of 16 families screened. A plausible explanation could be that the phenotype is caused by another gene or genes or by the genes that interact with SLC4A11, such as a transcription factor; overall, CHED2 displays allele (perhaps locus) heterogeneity, which can be explored by means of extensive linkage analysis. 
